Introduction
The Majorana Collaboration is fielding a neutrinoless double-beta decay (0νββ) experiment using the well-established technique of searching for 0νββ decay in high-purity Ge-diode radiation detectors that play both roles of source and detector. The technique maximizes the source to total mass ratio and benefits from excellent energy resolution (0.16% at 2.039 MeV). Ge detectors can be enriched in the ββ-decay isotope 76 Ge from 7.44% to more than 86%. Ge-based 0νββ experiments have established the best halflife limits and the most restrictive constraints on the effective Majorana neutrino mass [ 1, 2] .
The Majorana collaboration is currently pursuing R&D aimed at a tonne scale, 76 Ge 0νββ-decay experiment. The goal of a tonne-scale experiment would be to probe the effective neutrino mass in the inverted hierarchy of 20-40 meV. A discovery of 0νββ would indicate the Majorana nature of neutrinos and establish lepton number violation. The desired mass scale corresponds to a decay half-life of 10 27 yr and will require backgrounds below 1 count/tonne/yr in the 4-keV region of interest. We are currently cooperating with the GERDA Collaboration [ 3] with the aim to jointly prepare for a single international tonnescale Ge-based experiment utilizing the best technologies of the two collaborations. The GERDA approach uses a large cryostat with liquid cryogen shielding.
For the R&D phase, the Majorana collaboration is constructing a Demonstrator module of 76 Ge crystals contained in an ultra-lowbackground structure deep underground. The Demonstrator reference design is modular with two cryostats containing a combination of enriched (86%-enrichment) and unenriched (natural) Ge crystals. The detectors will be mounted in a string-like arrangement in ultra-pure vacuum cryostats made from electro-formed copper. The cryostats will be enclosed in a graded, multilayer Cu and Pb passive shield and an active muon veto * Corresponding author: vincente.guiseppe@usd.edu † The author acknowledges the support of the U.S. Department of Energy under Award Number DE-SCOO05054 and the University of South Dakota.
to eliminate external backgrounds. By using up to 30 kg of enriched 76 Ge crystals, the 0νββ claim [ 4] can be tested within 2 yr of running and the background requirement of a tonne-scale experiment can be demonstrated.
Backgrounds
Mitigation of backgrounds is crucial to the success of any rare decay search. For the case of Ge solid-state detectors, decades of research and recent advances have yielded a host of techniques to reduce backgrounds. Pulse shape discrimination and detector granularity techniques make use of the different spatial distributions of energy deposition between double-beta decay events and most background signals. Double-beta decay energy deposition occurs within a small volume (<1 mm 3 ) and hence is single site. Background signals arising from radioactive decays may include one or more γ rays, which frequently undergo multiple scatters on the centimeter scale and are multiple site interactions. Therefore, analysis techniques that can identify multiple-site interactions can reject most backgrounds. In addition, backgrounds are suppressed through the use of ultra-pure materials for the construction of detector components in the proximity of the crystals, and shielding the detectors from external natural and cosmogenic sources. Monte Carlo radiation transport simulations [ 5] are used to build a background model based on achievable material purities and guide the design of the experiment.
The isotopes produced by cosmic activation are particularly problematic. At the Earth's surface, cosmic rays can activate isotopes in detector materials. These backgrounds will be reduced by carefully limiting exposure of detectors and susceptible shielding materials above ground. Production of detector components will take place underground when possible. Once underground, backgrounds can be produced from the remaining muon-induced hard, secondary neutrons interacting in the detector and shielding materials. For example, (n, n ′ γ) reactions will become important for tonne-scale 0νββ decay experiments depending on the depth of the experiment [ 6] . Previously unknown cross sections of (n, n ′ γ) and reactions on Pb shielding important for a 76 Ge 0νββ decay experiment have been measured [ 7] and will be included in background simulations.
Detectors
The Majorana Demonstrator will use modified Broad Energy Ge (BEGe) detectors [ 8] , which are a variation on the p-type, pointcontact (P-PC) detector design [ 9, 10] . P-PC detectors offer excellent interaction site multiplicity information, superior energy resolution and low energy threshold. A P-PC detector is a right circular cylindrical Ge crystal with a point-contact in the center of the detector face resulting in a low capacitance and electronic noise. It has been shown that the low noise results in a low energy trigger threshold and excellent energy resolution making the detector sensitive to WIMP-nucleon elastic scattering [ 11] . The P-PC detector design has a low electric field throughout the bulk of the crystal and a weighting potential that is sharply peaked near the point contact. The resulting long drift times and fast electric signal of the charge cloud at the central electrode provides a very effective active background separation of multiple interactions by pulse-shape analysis [ 10, 12, 13] .
Compared to other detector technologies that offer a similar pulse shape analysis capability, P-PC-style detectors are cost-effective, have increased manufacturing speed, a simpler contact scheme, and a lower energy threshold. We have succeeded in validating field calculation codes and simulations that allow us to determine the impurity gradient requirements and the dimensions to which such detectors can reliably be manufactured. In addition to a variety of P-PC prototypes across the collaboration, we have acquired 20 kg of natural Ge modified BEGe detectors to populate the initial cryostat of the Demonstrator. The detectors measure 70 mm in diameter and 30 mm in height and define the primary detector configuration.
Summary
Our proposed method uses the well-established technique of searching for neutrinoless doublebeta decay in high purity Ge-diode radiation detectors that play both roles of source and detector. The use of P-PC Ge detectors present advances in background rejection and a significantly lower energy threshold than conventional Ge detector technologies. The lower energy threshold opens up a broader and exciting physics program including searches for dark matter and axions concurrent with the double-beta decay search. The Demonstrator should establish that the backgrounds are low enough to justify scaling to tonne-scale experiment, probe the neutrino effective mass region above 100 meV, and search the low energy region with a sensitivity to dark matter. The Demonstrator will be sited at the 4850-ft level (4200 m.w.e) of the Sanford Underground Laboratory at Homestake and preparations for construction are currently underway.
